Huntington's disease (HD) is a fatal neurodegenerative disorder caused by a CAG trinucleotide repeat expansion in the huntingtin gene. Previously, we showed strong huntingtin reduction and prevention of neuronal dysfunction in HD rodents using an engineered microRNA targeting human huntingtin, delivered via adeno-associated virus (AAV) serotype 5 vector with a transgene encoding an engineered miRNA against HTT mRNA (AAV5-miHTT). One of the challenges of rodents as a model of neurodegenerative diseases is their relatively small brain, making successful translation to the HD patient difficult. This is particularly relevant for gene therapy approaches, where distribution achieved upon local administration into the parenchyma is likely dependent on brain size and structure. Here, we aimed to demonstrate the translation of huntingtin-lowering gene therapy to a large-animal brain. We investigated the feasibility, efficacy, and tolerability of one-time intracranial administration of AAV5-miHTT in the transgenic HD (tgHD) minipig model. We detected widespread dose-dependent distribution of AAV5-miHTT throughout the tgHD minipig brain that correlated with the engineered microRNA expression. Both human mutant huntingtin mRNA and protein were significantly reduced in all brain regions transduced by AAV5-miHTT. The combination of widespread vector distribution and extensive huntingtin lowering observed with AAV5-miHTT supports the translation of a huntingtin-lowering gene therapy for HD from preclinical studies into the clinic.
INTRODUCTION
Huntington's disease (HD) is an autosomal dominant neurodegenerative disorder caused by a CAG trinucleotide repeat expansion in the first exon of the huntingtin (HTT) gene. Neurodegeneration starts in the forebrain and specifically affects GABAergic medium spiny neurons of the striatal complex, the caudate nucleus and putamen, thereby disrupting cortico-striatal pathways in the striatum. 1 Disruption of these cortico-striatal pathways in HD leads to impairment of cognition, motor function, and behavior. 2, 3 HD has a monogenic cause and the mutated HTT gene has full penetrance, such that carriers with alleles containing 40 or more CAG repeats will inevitably develop HD symptoms. The CAG expansion in the HTT gene results in a prolonged polyglutamine repeat in the huntingtin protein with toxic gain-of-function affecting numerous cellular processes. 4 Because the culprit of the disease is considered to be the expanded polyglutamine-containing huntingtin protein, strategies to lower the mutant huntingtin protein can potentially modify the progression of the disease. Currently, several strategies are under development to lower huntingtin protein synthesis, and preclinical studies in HD rodent models have demonstrated that lowering mutant huntingtin protein reduces downstream deleterious effects. [5] [6] [7] Most approaches of huntingtin lowering aim to decrease translation of huntingtin exploiting the endogenous RNAi mechanism by using synthetic small interfering RNA (siRNA) or by using modified single-stranded antisense oligonucleotides. [7] [8] [9] [10] [11] [12] [13] [14] Both siRNAs and antisense oligonucleotides need to be delivered by continuous infusion or repetitive intrathecal injections into the cerebrospinal fluid (CSF), and their therapeutic effect is thought to be most potent in the brain areas adjacent to the ventricular system. 7, 15 Based on this rationale of huntingtin lowering as a disease-modifying therapy for HD, a phase I clinical trial with repeated injections of antisense oligonucleotides in early manifest HD patients has been initiated recently. 16 Next to repetitive infusion of synthetic oligonucleotides, RNAi-based gene therapy approaches using short hairpin RNA (shRNA) and microRNA (miRNA) have been explored as well. RNAi-based gene therapy comprises a single administration of an adeno-associated virus (AAV) or lentiviral (LV) vector, resulting in continuous expression of shRNA or artificial miRNA precursors and subsequent longlasting huntingtin lowering. 5, 6, 12, 13, [17] [18] [19] [20] Intracranial parenchymal injections of artificial miRNA delivered by AAV vectors resulted in huntingtin reduction in HD animal models without signs of toxicity. [21] [22] [23] [24] We have previously reported strong huntingtin protein reduction in humanized HD mice upon intrastriatal injection of an AAV serotype 5 vector with a transgene encoding an engineered miRNA against HTT mRNA (AAV5-miHTT). 25, 26 We demonstrated that AAV5-miHTT treatment almost completely prevented mutant huntingtin aggregate formation and ultimately resulted in suppression of neuronal dysfunction in an acute LV rat model of HD. 21 Translating preclinical studies in HD animal models to the clinic involves assessing the therapeutic window by evaluating distribution, efficacy, and tolerability. Although in many cases proof-of-concept in HD rodent models has been shown, thus far none of the proposed disease-modifying treatments could be translated fully to the clinic. 27, 28 One of the challenges of rodents as a model of neurodegenerative diseases is their relatively small brain, making successful translation to the HD patient difficult, particularly for gene therapy approaches, where the achieved distribution upon local injection in the parenchyma is likely dependent on brain size and structure. To overcome this issue, great effort has been put in the establishment of larger animal models of HD, such as sheep, monkey, and minipig models. [29] [30] [31] In the current study, we aimed to demonstrate the translation of a huntingtin-lowering gene therapy approach to a large-animal brain. We investigated the feasibility, efficacy, and tolerability of AAV5-miHTT administration in a transgenic HD (tgHD) minipig model that in addition to porcine huntingtin, ubiquitously expresses a 548-amino acid N-terminal human huntingtin fragment containing 124 glutamines. 30 Here, we describe widespread vector distribution in the minipig brain, extensive human mutant huntingtin lowering, long-term expression, and tolerability of AAV5-miHTT, supporting the translation of a huntingtin-lowering gene therapy for HD from preclinical studies into the clinic.
RESULTS

Combined Striatal and Thalamic Administration of AAV5 Results in Widespread Transduction of Minipig Brain
The primary pathology in HD is degeneration of the striatal complex: the caudate nucleus and putamen. 1 Therefore, the core target brain structure for an AAV-based huntingtin-lowering gene therapy for HD, to prevent neuronal dysfunction caused by mutant huntingtin, is the striatum. To determine the delivery route needed for transduction of the affected putamen and caudate nucleus in a large-animal brain, a study with AAV5 vectors encoding GFP was conducted in healthy minipigs. Four routes of injection of AAV5-GFP were explored ( Figure 1A ): (1) intrathecal and parenchymal convectionenhanced delivery (CED), (2) bilateral into the putamen, (3) bilaterally into the thalamus, or (4) in the right putamen and the left thalamus combined ( Figure 1B ).
To visualize AAV5 distribution in the brain, GFP immunohistochemical analysis was performed on brain slices (Figure 2 ). Based on our previous experience in non-human primates, we have observed that the GFP transgene itself can provoke an immune response when injected into the CSF. Previously, it has been shown that steady-state expression levels of an AAV5 encapsulated transgene, as well as a CAG promoter transgene, are maintained from 4 weeks onward. 32, 33 Therefore, in light of the animal well-being, it was decided to sacrifice the intrathecal injected group at 4 weeks. After intrathecal administration, GFP-positive cells were found in the cerebral cortex, cerebellum, and spinal cord. Within the spinal cord, the highest transduction was found in the lumbar region, the site of infusion. Very limited numbers of GFP-positive cells were found in the striatum and other deep brain structures. Following injection into the putamen, local GFP expression was observed in the putamen and caudate nucleus, and GFP-positive cells in the cerebral cortex. Thalamic injections resulted in transduction of cells in the thalamus, as well as the striatum and cerebral cortex. GFP expression in the putamen, caudate nucleus, thalamus, and cerebral cortex was also seen after the combined AAV5-GFP delivery into the right putamen and left thalamus.
To check for biodistribution of vector DNA outside of the CNS, genomic DNA was isolated from the liver, kidney, and adrenal glands ( Figure S1 ). Intrathecal injection of AAV5-GFP resulted in transduction in all tested peripheral organs, with up to 6.6 Â 10 4 genome copies (gc)/mg DNA in the liver. In contrast, intracranial parenchymal delivery of AAV5-GFP did not result in the presence of vector DNA above background in any of the tested organs.
Based on the GFP immunohistochemical analysis, we concluded that intrathecal injection of AAV5 in minipigs leads to cerebral cortical transduction, with limited transduction of cells in the striatum and other deep brain structures. Combined striatal and thalamic administration resulted in a robust local transduction of the striatum, as well as more distal brain structures such as the cerebral cortex, suggesting that for an AAV-based huntingtin-lowering gene therapy for HD the delivery route of AAV5 is a combined striatal and thalamic injection.
Widespread AAV5-GFP Transduction in tgHD Minipig Brain after Combined Striatal and Thalamic Administration
After assessing the route of administration in healthy minipigs, we used tgHD minipigs to study the efficacy of AAV5-miHTT treatment in a large-animal model of the disease. 30 In addition to AAV5-miHTT, we also tested AAV5-GFP to compare distribution in tgHD with previously assessed distribution in the healthy minipig brain. To achieve a stronger and more widespread distribution pattern, we increased the dose to 1 Â 10 13 gc AAV5-GFP per tgHD minipig. In total, 12 tgHD minipigs, three animals per group, were injected bilateral into the putamen and thalamus with a fixed volume to obtain a dose of 1 Â 10 13 gc AAV5-GFP or 1 Â 10 13 or 3 Â 10 13 total gc AAV5-miHTT per animal. As a sham control, another group of animals was injected in the same target areas with the same volume of formulation buffer. For overview of the groups, see Figure 3A and Table S1 .
The surgery was generally well tolerated, with no clinical symptoms and normal body weight gain over time ( Figure S2 ). Routine hematology was measured, and no significant differences were measured at the pre-and post-dosing time points (Table S2) . One animal treated with 1 Â 10 13 gc AAV5-miHTT died 2 days post-surgery due to complications related to the surgical procedure. For this reason, in the 1 Â 10 13 gc/brain of AAV5-miHTT group, only two animals could be subsequently analyzed.
Three months after injections, immunohistochemical analysis on cortico-striatal and cortico-thalamic brain slices showed GFP expression in the striatum, thalamus, and cerebral cortex ( Figure 4 ). The observed transduction pattern of the putamen, caudate, and thalamus was comparable with the previous experiment in healthy minipigs. Because the injected dose was four times higher as compared with the first experiment, the local transduction of the putamen and caudate nucleus, and in particular the thalamus, was much stronger, and more GFP-positive cells were observed in the cerebral cortex. The primary motor cortex is known to degenerate relatively early in the disease process of HD.
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Higher magnification showed positive transduction of neurons in the motor cortex and part of the parietal cortex after bilateral injections of AAV5-GFP into the putamen and thalamus of tgHD minipigs. www.moleculartherapy.org tgHD minipigs, we studied the transduction efficacy and target engagement of AAV5-miHTT. Punches taken from brain tissue around the injection sites, as well as more distal locations, were used for biomolecular analyses ( Figure 3B ). Samples from both hemispheres were used for: (1) genomic DNA isolation to determine vector DNA and (2) total RNA isolation to assess transgene expression (mature miHTT) and HTT mRNA lowering. Punches from the right hemisphere were used for protein analysis to assess huntingtin protein lowering ( Figure 3C ).
In all four brain areas, a positive transduction of the vector was observed in a dose-dependent manner ( Figure 5A ): in the striatum, with 6.0 Â 10 5 or 7.8 Â 10 5 gc/mg DNA in the putamen and 5.2 Â 10 4 or 8.1 Â 10 5 gc/mg in the caudate nucleus after a dose of 1 Â 10 13 and 3 Â 10 13 gc/brain of AAV5-miHTT, respectively; in the thalamus, we measured 4.6 Â 10 5 or 1.7 Â 10 6 gc/mg DNA and in the cortex 1.0 Â 10 5 or 6.6 Â 10 5 gc/mg after dosing of 1 Â 10 13 and 3 Â 10 13 gc/brain of AAV5-miHTT, respectively. Although the acquired genome copies vary among both hemispheres and animals, on average we observed a dose-dependent transduction of AAV5-miHTT, with highest transduction after the highest injected dose.
As a measure for transgene expression, total RNA was isolated and mature guide miRNA miHTT quantified. In the striatal punches of one hemisphere of a 1 Â 10 13 gc/brain of AAV5-miHTT-treated animal, the isolated RNA was of low quality and thus could not be further analyzed. Mature miHTT molecules were detected in all tested brain areas from animals treated with AAV5-miHTT ( Figure 5B ). Levels of miHTT in all dissected regions from tgHD minipigs that were injected with formulation buffer were below background. In the striatum, the miHTT molecules per cell were 161.4 (SD ±126. To compare the results obtained from both DNA and RNA isolation, we performed correlation analysis of vector DNA and mature miHTT levels from the tissue punch. Mature miHTT expression significantly correlated with AAV5-miHTT vector DNA measured in the same brain punch with Pearson r = 0.537, p = 0.0005 ( Figure 5C ). Accordingly, animals that showed the strongest vector DNA transduction displayed the highest miHTT expression in the same brain region, verifying the mechanism-of-action in these large tgHD minipig brains from vector transduction, transgene expression, to processing of the mature miHTT. Because the group sizes were relatively small, we also investigated transduction efficacy in healthy minipig brain ( Figure S3 ). In accordance with the tgHD minipigs, a clear transduction pattern was observed in all four brain areas with highest levels of miHTT molecules measured in the punches that showed strongest vector DNA transduction (Pearson r = 0.9373, p < 0.0001; Figure S3C ).
Specific Human Mutant HTT mRNA Reduction in tgHD Minipig Brain
After establishing the mechanism-of-action, we focused on the efficacy of AAV5-miHTT to lower human mutant huntingtin mRNA and protein levels 3 months after one-time treatment. A trend of human mutant HTT mRNA lowering was observed after 1 Â 10 13 gc/brain of AAV5-miHTT in the putamen, caudate nucleus, and cortex, although it did not reach significance because of low (C) From left (L) and right (R) hemisphere punches DNA and total RNA were isolated for vector DNA, mature miHTT expression, and HTT mRNA quantification. From right hemisphere punches, lysate was used for mutant huntingtin protein quantification.
number and variation between punches from different animals (Figure 6A ). In the thalamus, a clear significant reduction of human mutant HTT mRNA of on average 41.5% (SD ±26.6%; p = 0.0002) was measured.
The high dose of 3 Â 10 13 gc/brain of AAV5-miHTT resulted in a significant reduction of human mutant HTT mRNA expression in all investigated brain regions. The human mutant HTT mRNA was reduced in the putamen by on average 47.5% (SD ±21.8%; p = 0.0387) and 44.2% (SD ±34.8%; p = 0.0041) in the caudate nucleus ( Figure 6A ). The strongest average reduction in human mutant HTT mRNA was measured in the thalamus, with an average of 72.8% (SD ±13.4%; p < 0.0001). Consistent with the vector DNA and miHTT expression in the cortex, we also detected a significant reduction of 42.7% (SD ±25.4%; p = 0.0066) more distal in the cortex.
To demonstrate the specificity of AAV5-miHTT for human HTT, we analyzed the porcine HTT mRNA expression levels in the transduced areas. The endogenous porcine HTT mRNA, which has a two-nucleotide mismatch with the miHTT target region, was not affected by AAV5-miHTT treatment ( Figure S4 ), demonstrating the specificity of AAV5-miHTT for the human HTT gene.
In sum, we detected a dose-dependent human mutant HTT mRNA lowering with reduction in all brain regions studied, after the highest dose of AAV5-miHTT.
Dose-Dependent Human Mutant Huntingtin Protein Reduction in tgHD Minipig Brain
Next, we investigated soluble human mutant huntingtin protein levels in the brain regions of the right hemisphere using an ultrasensitive single-molecule counting (SMC) immunoassay. 34 The SMC immunoassay was specific for human mutant huntingtin because the porcine huntingtin was not detected in healthy control minipigs (data not shown). Upon treatment with AAV5-miHTT, a dosedependent reduction in soluble human mutant huntingtin protein levels was observed ( Figure 6B ). The high dose of 3 Â 10 13 gc/brain of AAV5-miHTT showed strong target engagement with a significant human mutant huntingtin reduction in the putamen of 53.0% (SD ±13.2%; p = 0.0024), in the caudate nucleus of 50.5% (SD ±24.6%; p = 0.0036), and in the thalamus of 53.5% (SD ±7.8%, p = 0.0022). Two out of three tgHD minipigs also showed a mutant huntingtin reduction in the cortex, with an average 21.1% (SD ±27.12%; p = 0.2860) human mutant huntingtin protein lowering. In the tissue punches of the 1 Â 10 13 gc/brain of AAV5-miHTT animals, we also detected a trend toward human mutant huntingtin protein lowering, although this did not reach significance because of the small group size.
In the biopsies from the right hemisphere the corresponding mutant HTT mRNA and mutant huntingtin protein levels per punch were plotted ( Figure 6C ). A trend between mutant HTT mRNA with mutant huntingtin protein level was observed (Pearson r = 0.4870; p = 0.02944), with highest lowering of both mutant HTT mRNA and huntingtin protein observed in the punches obtained from the 3 Â 10 13 gc/brain of AAV5-miHTT-treated tgHD minipigs.
Because the group sizes were relatively small, we injected an additional group of three animals with 3 Â 10 13 gc/mL AAV5-miHTT in the striatum only. Six months after injection, the animals were sacrificed and punches taken as described previously ( Figure 3B ). Samples from left hemispheres were used to assess HTT mRNA and protein lowering. Human mutant HTT mRNA lowering was measured in the putamen (69.0%; p = 0.0109), caudate nucleus (72.0%; p = 0.0079), thalamus (33.3%; p = 0.3917), and cortex (33.7%; p = 0.3544) ( Figure 6D ). In accordance with HTT mRNA levels, a strong mutant huntingtin protein lowering was also observed after 3 Â 10 13 gc/mL AAV5-miHTT in the putamen (85.3%; p = 0.0042), caudate nucleus (75.0%; p = 0.0116), thalamus (73.7%; p = 0.0132), and cortex (52.0%; p = 0.1042) ( Figure 6E ). Like the administration into the striatum and thalamus combined, striatal injection resulted only in a robust trend between mutant HTT mRNA We detected a strong human mutant HTT mRNA reduction in the transduced brain regions that correlated with a strong human mutant huntingtin protein reduction in the tgHD minipig model. Next to the huntingtin lowering in the transduced regions, we also observed a trend toward cortical reduction in the high-dose-treated tgHD minipigs.
Transient Increase in Mutant Huntingtin after Intracranial Injection in tgHD Minipig CSF
Quantification of disease-associated proteins in CSF of HD patients may be useful for monitoring of disease progression and assessing the effect of therapeutic interventions. One of the best studied biomarkers to track disease progression, and possibly assess huntingtin lowering efficacy, is soluble mutant huntingtin in the CSF. Concomitant with disease progression, mutant huntingtin concentration increases in the CSF of HD patients, suggesting the utility of this measurement as a disease-specific biomarker. 34 To assess baseline human mutant huntingtin protein levels in the tgHD minipigs, we measured human mutant huntingtin before treatment with AAV5-miHTT. In pre-dosing CSF samples, we observed high variation in human mutant huntingtin protein levels between animals. Because the tgHD minipigs varied in age (range: 20-39 months), we plotted the age of the animal with its human mutant huntingtin level (Figure 7A) . A positive correlation between age of the tgHD minipigs and human mutant huntingtin protein levels was found (Pearson r = 0.6423; p = 0.0002), with highest human mutant huntingtin protein levels in the CSF of the older tgHD minipigs.
In an effort to assess huntingtin lowering efficacy translationally, we measured human mutant huntingtin protein in longitudinal CSF samples of the tgHD minipigs before and after AAV5-miHTT treatment ( Figure 7B ). Unexpectedly, we observed a brief increase in mutant huntingtin protein levels 7 days post-injection in CSF in all treatment groups. The high levels of soluble mutant huntingtin at this time point were not caused by blood contamination of the CSF, because hemoglobin levels were not found to be associated with the concentration of mutant huntingtin ( Figure S5 ). The increase of mutant huntingtin most likely was related to the intracranial parenchymal administration procedure, because it was measured in both doses of AAV5-miHTT, as well as the formulation buffer group.
Transient Mild Cytokine Increase after AAV5-miHTT Treatment in tgHD Minipigs
Although the current study was specifically designed to assess the distribution and efficacy, CSF was taken to explore, besides efficacy measures, a putative inflammatory response to the treatment. Pigs have a highly developed immune system, and immune reactions following intraparenchymal injection of AAV5 can be used as potential indicators for human application. Also, tgHD pigs have been shown to have altered cytokine profiles in CSF as compared with healthy pigs, with reduced interferon-a (IFN-a) and interleukin-10 (IL-10) levels, and increased secretion of IL-8 and IL-1b levels. 35 To assess a potential immune response to the AAV5-miHTT treatment, cytokine profiling of the CSF from tgHD minipig was performed using a sensitive multiplex assay measuring seven cytokines in parallel. 35 Of the seven porcine cytokines, three cytokines were analyzed in detail, being IFN-a, IL-10, and IL-8, whereas the other cytokines showed only background levels, and thus were excluded from the analysis.
Seven days post-injection with AAV5-miHTT, a statistically significant increase of IFN-a from 2.1 (SD ±0.5) to 58.3 pg/mL (SD ±66.4; p = 0.0002) was measured in the CSF of 3 Â 10 13 gc AAV5-miHTT-treated tgHD minipigs ( Figure 8A ). Because IFN-a levels were back to baseline on day 14 and the transient reactivity was absent in the formulation buffer-treated tgHD minipigs, it likely represents a response to the AAV administration. No changes were Because the GFP transgene is known to provoke immune responses, 36 we also studied tgHD minipigs treated with 1 Â 10 13 gc/brain of AAV5-GFP. As expected, and in line with a continued immune response to the GFP transgene, IL-8 upregulation was more prominent after AAV5-GFP injection than in any of the other groups and persisted until the termination of the study.
In both AAV5-miHTT-and AAV5-GFP-injected animals, CSF mutant huntingtin protein levels correlated with the IFN-a expression. However, this correlation was mainly driven by increase in both markers at day 7 post-injection, and no significant correlation was observed in the formulation buffer-injected group and in the group with the lower AAV5-miHTT dose. This confirms that increased mutant huntingtin release to CSF is most likely related to tissue injury at the time of intraparenchymal administration, whereas IFN-a levels would be more indicative of a transient immune response to the injected AAV5-miHTT.
Both cytokines and soluble mutant huntingtin levels returned to basal levels at day 14 post-injection, providing further support for the notion of a transient response to the invasive administration procedure.
Intrastriatal Administration of AAV5-miHTT Is Tolerated in tgHD Minipig Brain
At study termination, brain slices were used for histological examination to investigate a putative response to the surgery and/or AAV5-miHTT treatment. Brain slices were stained with the microglial marker ionized calcium-binding adaptor molecule-1 (IBA-1). In brain slices covering the cortico-striatal area obtained from the formulation buffer-infused animals, very mild microgliosis was observed around the needle track, suggesting no general response to the surgery ( Figure 9A ). Quantification of IBA-1 staining of cortico-striatal brain slices showed that 1 Â 10 13 and 3 Â 10 13 gc/brain of AAV5-miHTT-treated animals did not significantly increase in total IBA-1 expression relative to the whole section area, with levels of, respectively, 9.2% (SD ±4.9%) and 11.7% (SD ±4.7%), as compared with the formulation buffer (6.1%, SD ±1.7%) (Figure 9C) . In contrast, and in accordance to the elevated cytokines, 1 Â 10 13 gc/brain of AAV5-GFP induced a significant increase in IBA-1 expression to 31.3% (SD ±3.1%; p = 0.0002). This broad microglial expression in the AAV-GFP animals probably reflects an innate immune response against the GFP transgene that is linked to the widespread AAV5-GFP distribution pattern. AAV5-miHTT was also distributed and expressed throughout the tgHD minipig brain. Thus, the lack of comprehensive IBA-1 expression in the AAV5-miHTT animals suggests the absence of an immune response to the expressed transgene. Next to total microglial expression, we also quantified local microglial expression around the infusion site. Groups injected with 1 Â 10 13 gc/brain of AAV5-GFP, the formulation buffer, and 1 Â 10 13 gc/brain of AAV5-miHTT displayed similar local IBA-1 density, whereas in 3 Â 10 13 gc/brain of AAV5-miHTT animals a significant 12.6% (p = 0.02) increase in local IBA-1 expression was measured ( Figure 9D ). Because we did not observe widespread microgliosis, this local response is probably showing a local reaction to the high number of particles around the tip of infusion.
As a marker for neuronal health, dopamine-and cAMP-regulated phosphoprotein, 32-kDa (DARPP-32) staining of GABAergic medium spiny neurons was performed on the cortico-striatal brain slices ( Figure 9B ). All animals treated with AAV5-miHTT showed consistent DARPP-32 staining, indicating normal striatal functioning ( Figure 9E ).
Normal striatal functioning in combination with the lack of global microglial expression provide evidence that intracranial injection of AAV5-miHTT is well tolerated in the tgHD minipigs.
DISCUSSION
Here, we aimed to demonstrate the translation of a huntingtinlowering gene therapy to a large HD animal model brain. Previously, we have shown that intracranial administration of AAV5-miHTT in the striatum of HD rodent models resulted in strong huntingtin lowering and reduction in huntingtin aggregation, with a subsequent prevention of neuronal dysfunction. 21, 26 To translate these results acquired in a small rodent brain to a large HD patient brain, great efforts were put in the generation of larger animal models of HD, such as sheep, monkey, and minipig. [29] [30] [31] The tgHD minipig and sheep brain weigh approximately 90 and 130 g, respectively, and both have a gross brain structure, blood supply, and immune response similar to humans. 37 Because these animals express an N-terminal (tgHD minipig) or full (HD sheep) human HTT transgene, they provide a good model to test target engagement of human sequence-specific therapeutic modalities. The major limitation of both large-animal models is that they have not developed severe neuropathology thus far, and related to the latter point, that a clear phenotype has not yet been established. 38 This absence of HD-like symptom manifestation is probably caused by a combination of relatively low mutant HTT transgene expression levels, lifespan up to 20 years, small group sizes, and the fact that behavioral assessments are under development. Nevertheless, these large tgHD animal models are important to close the gap between preclinical research in HD rodents and clinical research in humans. 39 We showed successful transduction of the structures mostly affected by HD following administration of an AAV5-based gene therapy. AAV5 has previously been found to distribute via axons and preferentially make use of anterograde transport, whereas retrograde transport could be achieved as well with higher concentration of virus, suggesting the transduction pattern to be dose dependent. 40 A layer of complexity is added by the natural disease pathology, with evidence for white matter degeneration as disease progresses, suggested to result in reduced connectivity between the putamen and motor cortex. 41 In the current study, we did observe both anterograde (e.g., to caudate) and retrograde (to cortex) viral transport of AAV5-miHTT, suggesting that the connectivity is not altered in the tgHD minipig brain at this age (up to 40 months of age). Although both doses of AAV5-miHTT resulted in a local transduction and subsequently HTT mRNA and huntingtin protein lowering, the highest dose of AAV5-miHTT resulted in vector DNA and miHTT expression in the cortex, suggesting a dose-dependent viral transport.
Next to widespread vector distribution and transgene expression, we demonstrate a successful human mutant HTT mRNA and huntingtin protein lowering in the brain of a large-animal model of HD. Although the sample size in this study was limited, we observed a clear trend toward a dose-dependent reduction of human mutant huntingtin after AAV5-miHTT administration. We achieved HTT mRNA lowering of up to 72.8% and human mutant huntingtin protein up to 85.3% in a large HD animal model brain, similar to knockdown levels achieved in smaller HD rodents. 7, [12] [13] [14] [15] For the translatability to the clinic, various studies have been conducted in healthy large animals with gene-lowering therapies for HD. 7, 10, 17, 42 Although antisense oligonucleotides have shown to be very promising in pre-clinical HD rodent models, injection into the CSF of species with a larger brain resulted in HTT mRNA target engagement of primarily cortex and spinal cord, and to lesser extent in the deeper brain structures, such as the striatum. 7 Another limitation of those studies was that they used non-human primates targeting the monkey huntingtin. Especially for the development of oligonucleotide therapeutics for HD, the use of a full complementary sequence is an advantage because it provides the opportunity to completely examine the mechanism of action and subsequent efficacy. The observed strong human mutant huntingtin protein lowering in the striatum of tgHD minipigs provides additional confidence for future applicability of the AAV5-miHTT huntingtin-lowering gene therapy for HD patients.
Next to the parenchymal mutant huntingtin reduction, we also investigated soluble mutant huntingtin protein levels in the CSF upon AAV5-miHTT treatment. Recently, in vitro and ex vivo evidence suggest that mutant huntingtin is secreted extracellularly. 43 Surprisingly, we observed a transient elevation of mutant huntingtin in the CSF shortly after surgery. Because elevated mutant huntingtin protein levels in the CSF have been suggested to be the result of increased cell death, 44 and mutant huntingtin levels in the CSF correlate with the neuronal degeneration marker proteins such as tau and neurofilament light chain in HD patients, 34 the observed increase in soluble huntingtin in the CSF could have been triggered by local tissue damage due to the administration procedure. In accordance with the huntingtin CSF levels in tgHD minipigs, longitudinal cytokine profiles demonstrated a consistent pattern with a transient mild increase in cytokine levels at 7 and 14 days post AAV5-miHTT injection. Unfortunately, we did not observe a significant reduction in human mutant huntingtin protein in the CSF of tgHD minipigs after treatment with AAV5-miHTT. Although we observed a trend toward huntingtin lowering, the lack of a significant effect is most likely due to the combination of the variability between the age of the animals, the low number of animals, and the transient increase in human mutant huntingtin protein levels after surgery in combination with the restricted in-life of 3 months. To better assess huntingtin lowering in the CSF in the future, more animals should be included in the study, with age matching and longer observation period.
AAV5-miHTT does not discriminate between wild-type and mutant huntingtin and will result in a lower expression of the diseaseinducing huntingtin and the wild-type allele. Because of the essential function of huntingtin during development, [45] [46] [47] [48] the safety aspect of wild-type huntingtin lowering needs to be carefully evaluated. The tolerated levels of long-term total huntingtin lowering cannot be addressed in the current study, because the porcine HTT mRNA is not lowered by AAV5-miHTT. However, it was demonstrated in non-human primates that 45% reduction of wild-type HTT mRNA in putamen is well tolerated up to 6 months. 10, 42, 49 In rodents, non-selective huntingtin reduction up to 50%-75% by antisense oligonucleotides is well tolerated both in HD rats and mice. 7 Recently, it was shown that total depletion of huntingtin in the brain of adult mice was well tolerated at all ages, with no motor problems or body weight issues. 50 Others showed that total knockdown in the striatum and cerebral cortex in the adult brain was well tolerated up to 14 months after conditional knockout. 51 The same study showed that the thalamus and cerebellum are more vulnerable to total huntingtin elimination. 51 Likewise, carriers of heterozygous HTT mutations causing partial loss-of-function do not display any symptoms, from which it can be concluded that at least 50% reduction of huntingtin is well tolerated. 46, 48 Based on the existing knowledge to date on the huntingtin-lowering tolerability in non-human primates and rodents, as well as identified loss-of-function mutations in humans, an anticipated maximum clinical efficacy rate of 50%-70% total huntingtin lowering in the striatum is anticipated to be well tolerated in adult HD patients.
Immunohistochemical analysis showed no histological pathology in the brain of tgHD minipigs treated with the 1 Â 10 13 gc/brain dose of AAV5-miHTT. In the high-dose group, we did see microglial reactivity locally around the injection site. tgHD minipigs have previously been suggested to have increased microglial activation 30 and altered cytokine profiles as compared with healthy pigs, 35 suggesting a primed immune system in tgHD minipigs. This reflects the abnormal immune activation in human HD patients, with mutant huntingtinrelated microglial activation in the striatum and subsequently cytokine upregulation in the CSF and peripheral body fluids.
52,53
Although there are only limited reports of histopathological examination after intracranial delivery in neurodegenerative disorders, there is evidence from clinical studies showing mild immune activation after intracranial parenchymal treatments. 54 A localized glial response around the needle track was seen after recurrent parenchymal recombinant glial cell line-derived neurotrophic factor (GDNF) injection in Parkinson's disease. 55 Local immune activation was also observed after fetal neural cell transplantation in HD patients 56 and transplantation of fibroblasts expressing nerve growth factor (NGF) in Alzheimer's disease patients. 57 In HD patients, it has been shown that implantation of electrodes for chronic stimulation of the globus pallidus is a safe procedure and lacks procedure-related side effects, 58 although neuropathological examinations are not available. Likewise, in Parkinson's disease patients, several clinical trials have been conducted in which putaminal magnetic resonance-guided CED of recombinant proteins and gene therapy was found to be safe and well tolerated. 59, 60 Although we describe here a favorable widespread brain distribution after thalamic injection via anterograde transport of AAV5 through brain structures that receive projections from the thalamus, neuropathological examination showed surgery-related lesion in the thalamus in one hemisphere of one tgHD minipig. This single finding in the current study, together with the complexity of the thalamus, a recent study describing that the thalamus is very susceptible to total huntingtin lowering, 51 and the fact that the thalamus is only limited affected at later stages of HD, 1 makes that the thalamus is not a key structure to treat with AAV5-miHTT in HD patients. Although the thalamus is an attractive structure to infuse from a viral distribution perspective, for clinical application more experiments need to be conducted to assess the tolerability, volume, viral load, trajectory, and the specific thalamic nucleus to inject safely.
The divergence in vector distribution pattern seen between both lateral hemispheres reveal that for further development of a surgical procedure to reliably infuse AAV5-miHTT in these brain structure, magnetic resonance-guidance should be incorporated. Our recent study showed that parenchymal magnetic resonance-guided CED resulted in consistent global transduction of AAV5-GFP in non-human primate brain. 40 For development and clinical application, a less complicated and minimally invasive administration procedure, such as intravenous or intrathecal, might at first sight seem to be preferred over an intracranial parenchymal delivery. Recently, data acquired with an engineered AAV capsid showing robust crossing of the blood-brain barrier upon intravenous administration in rodents are very encouraging, 61, 62 but its efficacy in larger species and level of transduction in deep brain structures still need to be determined. Here, we show that although intrathecal infusion results in transduction and transgene expression in the CNS, particularly in the cerebral cortex, transgene expression, and thus efficacy, is most likely to be too low in the deeper brain structures to be disease modifying. Furthermore, 40-100 times higher viral titers will be required for intrathecal injection to achieve a very moderate transduction of the basal ganglia. This low transduction in the CNS could have been accompanied by the observed leakage of the AAV5 virus into the periphery. In the case of HD, transduction of peripheral organs is not per se unfavorable, because mutated HTT is widely expressed outside the CNS and several peripheral signs of disease have been reported. 63 The present study is the first demonstration of a successful human mutant huntingtin lowering in the brain of a large-animal model of HD. The combination of widespread vector distribution, long-term expression, extensive human huntingtin lowering, and high specificity and tolerability observed with AAV5-miHTT treatment support the continuation of the development of huntingtin-lowering gene therapy for HD patients.
MATERIALS AND METHODS
AAV5 Vectors
AAV5 vector encoding cDNA of the enhanced GFP transgene and miHTT cassette was packaged into AAV5 by a baculovirus-based AAV production system (uniQure, Amsterdam, the Netherlands) as previously described. 64, 65 The complete transcription unit was flanked by two non-coding AAV-derived inverted terminal repeats, and expression was driven by a combination of the cytomegalovirus early enhancer element and chicken b-actin promoter. The expression cassettes were inserted in a recombinant baculovirus vector by homologous recombination, and clones were selected by plague purification. The recombinant baculovirus containing the cassettes was further amplified and clones screened for best production and stability by PCR and qPCR. To generate AAV5, we performed baculovirus infections on insect cells with recombinant baculoviruses encoding rep for replication and packaging, and cap-5 for the AAV5 capsid and the expression cassette. After viral particle assembled, prep purification was performed with AVB Sepharose high-performance affinity medium (GE Healthcare, Piscataway, NJ, USA) using AKTA Explorer purification system (GE Healthcare), and titer was determined by qPCR with primer-probe combinations directed against the CAG promoter transgene. Both AAV5-GFP and AAV5-miHTT vectors have been described previously. 26, 40 Anti-AAV Neutralizing Antibody Assay
Prior to the start of the study, minipig plasma samples were tested for anti-AAV neutralizing antibodies as described previously. 66 All animals selected were considered seronegative with neutralizing antibody titers lower than 1:50 at baseline.
Minipigs, Anesthesia, Surgical Procedure, and AAV5 Vectors Application All experiments were carried out according to the guidelines for the care and use of experimental animals and approved by the State Veterinary Administration of the Czech Republic. tgHD minipigs and healthy control subjects 30 of both sexes, 20-39 months old, were used. The pilot experiment with AAV5-GFP constructs to determine the optimal delivery route and to study the biodistribution was performed in 12 wild-type minipigs. The second study with AAV5-miHTT was performed in 12 tgHD minipigs. The two hemispheres received 270 mL of virus per hemisphere (54 mL in the putamen and 216 mL in the thalamus).
General anesthesia of minipigs was induced by intramuscular application of tiletamine, zolazepam, ketamine, and xylazine combination (TKX) mixture containing tiletamine 4 mg/kg, zolazepam 4 mg/kg (Zoletil 100; Virbac), ketamine 5 mg/kg (Narketan 10; Chassot), and xylazine 1 mg/kg (Rometar 2%; Spofa) followed by intravenous ear cannulation and intubation. Artificial ventilation and isoflurane/nitrous oxide anesthesia were used during the rest of the procedure. The head of animals was mounted into a stereotaxic localizer box. 67 Putamen and thalamus coordinates were histologically based estimated from bone bregma of age-and body-weight-matched animals (post mortem). Craniotomy and dural incision were performed by oscillation saw, neurosurgery mallet, and chisel. AAV5 vectors as well as formulation buffer were delivered by a 500-mL Hamilton syringe with 34G beveled NanoFil needle (World Precision Instruments; NF34BV) with 185 mm optical density (OD), placed into the Injection Robot (Neurostar, Germany) and mounted onto stereotaxic localizer box. Single injection of AAV5 vectors or formulation buffer was administered to each animal, with injection rate increasing every minute until reaching the final volume of 54 mL per putamen and 216 mL per thalamus (first min: 1 mL/min, second min: 2 ml/min, etc.). The skull was closed by a bone graft and cement, periosteum stitching, and skin by suturing. Perioperative as well as postoperative antibiotic (cefazolin) and analgesic (flunixin) were administrated. For intrathecal administration of AAV5 construct, a spinal needle (Yale; 121884; 1.2 Â 90 mm) attached to a 5-mL syringe was used. The application started immediately after CSF collection; 5 mL of AAV5 vector was delivered slowly (over approximately 5 min) by hand injection into the lumbar region. The same type of spinal needle was also used for CSF collection in all experiments.
CSF Collection
CSF was collected by a lumbar puncture in both healthy (n = 12) and tgHD animals (n = 12) in the following time intervals: À14, À7, 0 (surgery day), 7, 14, 28, 56, and 84 days. The animals were food deprived for 12 hr and then anaesthetized with a TKX mixture as mentioned www.moleculartherapy.org above in the Minipigs, Anesthesia, Surgical Procedure, and AAV5 Vectors Application section. After cleaning and disinfection of the lumbar area, approximately 5 mL of CSF was obtained using a spinal needle. The puncture area was covered by liquid dressing and the animal was let to recover. CSF samples were immediately centrifuged at 1,500 Â g for 10 min at 4 C, followed by further centrifugation at 2,400 Â g for 10 min at 4 C, aliquoted to prevent repeated freezethaw cycles and frozen to À80 C.
Necropsy, Sample Collection, and Brain Sectioning
At the end of the experiments the animals were anesthetized by TKX mixture and euthanized by an overdose of thiopental. Immediately after overdosing, the pigs were transcardially perfused with 20 L of ice-cold PBS. The samples of inner organs (5 Â 5 Â 5 mm necropsies of liver, kidney, spleen, and adrenal glands) were removed first, followed by brain samples (4-mm punch from 4-mm-thick coronal brain slabs) and spinal cord samples (5-mm transversal section). The brain samples (two punches from the cortex, two punches from the striatum, one from caudate nucleus, and one from the thalamus) were collected as shown in Figure 4 . The samples (inner organs, brain punches, and spinal cord transversal sections) for qPCR and protein detection were immediately snap-frozen in liquid nitrogen and stored at À80 C. PBS-perfused brains were cut into 4-mm slabs and after collection of punch necropsies post-fixed in 4% paraformaldehyde (pH 7.4) in PBS for 24 hr. The brain slabs were then transferred into 30% sucrose containing 0.01% sodium azide and left until saturation. Well-saturated slabs were subsequently frozen in cryostat (CM1950; Leica Biosystems), sectioned into 20-mm-thick coronal sections, and mounted onto large microscope slides (76 Â 51 Â 1 mm).
DNA Isolation and Vector Genome Copies Determination
Tissue punches were crushed using CryoPrep System (Covaris, Woburn, MA, USA), and powder was divided for RNA and DNA analyses. For DNA isolation, 20 mg of powdered tissue was used with the DNeasy 96 Blood and Tissue kit (QIAGEN, Germany). Primers specific for the CAG promoter were used to amplify a sequence specific for the transgenes by SYBR Green Fast qPCR (Thermo Fisher Scientific). The amount of vector DNA was calculated from a plasmid standard curve, which was taken along on the same plate. Results were reported as gc per microgram of genomic DNA.
RNA Isolation and qPCR
For RNA isolation, crushed tissue was homogenized in TRIzol using gentleMACS Dissociator (Miltenyi Biotec), and total RNA was isolated according the manufacturer's protocol (Invitrogen). To remove genomic DNA, we treated RNA with double-stranded DNase (dsDNase; Thermo Scientific, Waltham, MA, USA). RNA samples were reverse transcribed using a DyNAmo cDNA synthesis kit (F-470L; Thermo Fisher Scientific) following manufacturer's instructions. To detect human HTT mRNA knockdown, we used TaqMan gene expression assays (Applied Biosystems) with primer-probe against human HTT (Hs00918178_m1) and porcine GAPDH (Ss03382302_s1) as reference gene. TaqMan Universal Mastermix II with UNG (Applied Biosystems) was used to perform the qPCR. The expression level of each gene was normalized to endogenous GAPDH levels. HTT mRNA knockdown percentages relative to formulation buffer treatment were calculated based on the 2 ÀDDCt method. 68 To examine miHTT miRNA expression, we synthesized cDNA from isolated total RNA with gene-specific RT primers targeting mature miHTT using TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems). A single-stranded mature miHTT RNA standard line was taken along. Next, gene-specific TaqMan qPCR was performed with mature miHTT-specific probes using TaqMan Fast Universal PCR Master Mix (Applied Biosystems). Using the mature miHTT standard line, we determined miHTT molecules per reaction. Subsequently, the amount of miHTT molecules per cell of tissue was calculated based on the assumption that one cell contains 15 pg of total RNA. 69 
Mutant Huntingtin Protein Quantification
Quantification of mutant huntingtin protein in longitudinal CSF samples and brain regions from tgHD minipigs was generally performed as described previously, 34 at Evotec (Germany). Pulverized tgHD minipig brain samples were homogenized in 170 mL ice-cold lysis buffer using a FastPrep24 tissue homogenizer. The homogenates were aliquoted, frozen on dry ice, and stored at À80 C. With 1 aliquot the total protein concentration was determined by bicinchoninic acid assay. Another aliquot of homogenate (one freeze and thaw cycle) was thawed on the same day of the Singulex assay, diluted to 1 mg/mL in aCSF buffer (artificial CSF + 1% Tween 20 + 1 Â protease inhibitor) and tested in technical triplicates. The human HTT-Q46_GST, 1-548 recombinant standard protein was used for quantification of HTT spiked into aCSF buffer. Standard protein was applied at a final concentration range between 0.1 and 400 pg/mL. tgHD minipig CSF samples (3 aliquots of 125-130 mL) were stored at À80 C before thawing on ice. Aliquots of each sample were pooled and tested in undiluted technical triplicates, and CSF samples of each animal were run in parallel on the same plate. A final concentration of 8 fM to 6,114 fM human HTT-Q46_GST, 1-548 was used for quantification. The Erenna (Singulex-Millipore) reader was calibrated on the day of the experiment following manufacturer's protocol. The SMC immunoassay was performed using a combination of 2B7 (Novartis) antibody directed against the first 17 amino acids of the huntingtin protein, and MW1 (Caltech) antibody that binds to the expanded polyglutamine repeat. 34 The 2B7-MW1 signal is dependent on both the mutant huntingtin size (i.e., the smaller the size, the higher signal) and the polyglutamine expansion (i.e., the higher the expansion, the higher the signal). Because the standard protein has a shorter polyglutamine expansion than the protein of the tgHD minipig model (Q46 with respect to Q124), it should be noted that, although relative levels between samples are reliable, the absolute concentration of mutant huntingtin, as depicted for the CSF measurements, is probably an underestimation. As negative control, cortical lysates from wild-type minipigs were taken along, which showed as expected low levels in mutant huntingtin, validating the specificity of the assay.
To evaluate possible blood contamination of the CSF samples, we used a competitive pig hemoglobin ELISA (LS-F8543; LSBio), following the manufacturer's instructions with minor modifications: the final horseradish peroxidase-3,3',5,5'-tetramethylbenzidine reactions were terminated with stop solution after instead of the 10-20 min suggested in the original protocol in order to increase the sensitivity of the assay. All CSF samples were assayed in duplicate at a 1:5 dilution, along with minipig plasma samples as a positive control.
Cytokine Analysis
To analyze cytokine levels in porcine CSF, we used Swine cytokine Magnetic 7-Plex Panel (catalog no. LSC0001M; Thermo Fisher Scientific) enabling the simultaneous measurement of IL-1b, IL-4, IL-8, IL-10, IFN-a, IFN-g, and tumor necrosis factor alpha (TNF-a). Kits of the same batch (lot no. 1804247A, expiry 7/2018) were used for all measurements. Each sample was analyzed in duplicate (50 mL of CSF each). CSF samples were thawed on ice and clarified by centrifugation at 16,000 Â g for 10 min at 4 C. The xMAP bead-based assay was prepared according to manufacturer's instructions with slight modifications for CSF as published in Valekova et al. 35 Standard curves were extended to comprise nine data points for improved readability of low end curve values. The fluorescence intensity together with the bead identification were recorded using Luminex 200 instrument with xPonent software, version 3.1.871.0 (Luminex, Austin, TX, USA). Protocol parameters were set to quantitative measurement, sample volume 75 mL, doublet discriminator 7,800-20,000, photomultiplier tube default (high), timeout 100 s. The Luminex system was properly calibrated, and its performance was verified according to the manufacturer's instructions. For each analyte, the fluorescence intensity of a minimum of 100 beads was measured, and the median fluorescence intensity (MFI) was used for quantitation of cytokine concentrations. The csv data files containing raw data were exported from xPonent and utilized for follow-up statistical evaluation. Further data processing and analysis were performed in the R statistical environment. 70 Package drLumi 71 was used for standard curve fitting and estimation of cytokine concentrations in CSF samples. Options used for standard curve fitting were five-parameter logistic regression (SSL5) with four-parameter logistic regression (SSL4) as a fallback for occasions where the SSL5 model would not converge. Concentrations of two technical replicates of each CSF sample were averaged.
Immunohistochemistry, Scanning, and Image Analysis
In some brain slices (DARPP32) heat-induced epitope retrieval was performed by overnight incubation in retrieval solution in a hybridization oven set to 60 C. The endogenous peroxidase activity was blocked with a solution of 0.3% of hydrogen peroxide in methanol for 20 min, and the brain sections were immunostained using the following rabbit primary antibodies: anti-GFP (1:1,000, ab6556; Abcam), anti-IBA1 (1:400; 234 003; Synaptic Systems), and anti-DARPP32 (1:15,000, ab40801; Abcam). Sections were then treated with a biotinylated donkey anti-rabbit secondary antibody (1:400, RPN 1004V; GE Healthcare Life Sciences) followed by an avidinperoxidase complex (1:400, A3151; Sigma-Aldrich). The avidinperoxidase complex was visualized by incubation with solution containing a dissolved 3, 3 -diaminobenzidine tablet (4170; Kementec Diagnostics). The sections were dehydrated and mounted with DePeX (Sigma). Images were acquired using a histological scanner (Virtual Slide Microscope VS120-5 fluorescence; Olympus), and quantitative analysis of IHC-stained brain sections was performed using Fiji ImageJ distribution (https://fiji.sc/). The sections were scaled, calibrated, converted to 8-bit, and thresholded using default (for IBA1, GFP, and DARPP32 positivity) as well as triangle (for whole section) threshold. Manually assigned ROIs were used for striatum selection in DARPP32-stained sections.
Statistical Analysis
For two groups, data were analyzed using Student's t test or ordinary one-way ANOVA to determine statistically significances between samples. For longitudinal data, two-way ANOVA with repeated measurements and Tukey's post hoc test (a = 0.05) were applied. The p values were either listed or represented by the following number of asterisks: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Statistical analysis of cytokine levels was performed in R statistical environment, version 3.4.0, using software packages tidyverse, stringr, forcats, cowplot, lme4, and broom.
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